styryl dyes could escape from vesicles in milliseconds EF microscopy revealed an earlier signal of exocytosis, namely the spread of FM1-43 over the plasma memor less (Ryan, 2001 ) by diffusing in the plane of the lipid lining the pore. Indeed, exocytic fusion pores in mast brane after it was released from individual vesicles. Our previous paper did not exclude that a portion of dye cells allow membrane flux once they have dilated (Monck et al., 1990) . But before dilating, fusion pores was retained due to kiss-and-run. Here we tested this point and find that most or all vesicles discharged their are sparingly permeable or impermeable to lipid when fusion is mediated by Influenza hemagglutinin (HA), a dye completely. At the level of single vesicles, therefore, the tracking of exocytosis with styryl dyes does not protein that fuses viral envelopes to host cells. The finding implies that HA pores are at first not lined with continsupport the idea that incomplete exocytosis is a frequent event in retinal bipolar cells. In addition, we show uous coat of lipid (Tse et al., 1993; Chernomordik et al., 1998). Moreover, it has been suggested that fusion of how the escape of FM1-43 from single vesicles may be tracked independently of its spread over the plasma yeast vacuoles begins with a proteinaceous fusion pore (Peters et al., 2001 ). An absence of lipid exchange in membrane, and explore it under conditions where brief voltage pulses stimulated synchronous and precisely synaptic vesicles would suggest that they, too, form partly proteinaceous fusion pores. timed exocytosis (Mennerick and Matthews, 1996) . We find that FM1-43 leaves vesicles with a delay that is While the results with styryl dyes are important both for the synaptic vesicle cycle and for the mechanism of measurable but brief. Even if the fusion pore of synaptic vesicles is initially lipid impermeable, it remains so for membrane fusion, one may question whether they really must be interpreted as representing dye retention by at most a few milliseconds. synaptic vesicles (Ryan, 2001 ). Hence it seemed important to test whether dye retention can be seen at the Results level of single vesicles. This is possible when giant terminals of retinal bipolar neurons are imaged under evanesImaging Single Synaptic Vesicles Figure 1A shows a goldfish bipolar neuron with its cell cent field (EF) illumination (Zenisek et al., 2000) . While conventional fluorescence microscopies have reported body (lower right), short axon, and giant synaptic terminal (upper left). The neuron had been plated on a glass exocytosis as a decline in fluorescence occurring when whole terminals lose styryl dyes into the perfusion fluid, coverslip to which it adhered tightly in small regions which selectively illuminates an ‫001ف‬ nm thin layer of cytosol adjacent to the plasma membrane in places where the cell adheres tightly to the cover glass. Figure  1C shows two such regions, one beneath the terminal (C1) and the other beneath the soma (C2). Single organelles close to the plasma membrane appear as small fluorescent spots in the terminal but not in the soma, even though reimaging by IRC ( Figures 1D1 and 1D2 , 1996) . Fortunately, the plasma membrane also continuously entertains brief visits by synaptic vesicles that appear in the evanescent field and, after some 200 ms, return into the cytosol. Since such visits occur randomly over the entire footprint (D.Z. and D. Long, unpublished data), the overwhelming majority do not occur at active zones and provide our best chance of observing vesicles well separated from stained neighbors. Figure 1E 
Exocytosis Increases Fluorescence
They were then averaged together.
In an earlier paper, we found that exocytosis causes the fluorescence of FM1-43 from single vesicles to increase and spread over the plasma membrane (Zenisek et al., 2000) . Both effects occurred in fractions of a second visualized in Figure 1B by interference reflection contrast (IRC). In IRC images, regions of the cell in close and preceded the much slower de-staining of plasma membrane seen if one monitors the plasma membrane contact with the coverslip appear black (Gingell and Todd, 1979); one such region appeared beneath each, fluorescence for longer times (D.Z., unpublished data).
While showing that the spread of dye happens rapidly the soma, a small stretch of axon, and the terminal. Each terminal contains nearly a million synaptic vesicles (von once it gets underway, these observations were unsatisfactory for our purpose for two reasons. First, the time of Gersdorff et al., 1996). A small fraction of them (1%-2%, Rouze and Schwartz, 1998) were stained by briefly exocytosis was not accurately known because voltage pulses and image capture were not precisely timeexposing a single cell to the fluorescent lipid FM1-43 while the cell was stimulated to undergo exo-and endolocked, and because exocytic events happened stochastically throughout the 0.5-1 s voltage pulses applied cytosis. After a 0.5 to 1 hr wash in dye-free solution, the cell was ready for fluorescence microscopy. Fluoresto stimulate vigorous exocytosis. Second, FM1-43 must first escape from vesicles before it can spread beyond cence was excited by evanescent field illumination, Light polarized perpendicular to a glass coverslip is difficult to achieve with conventional methods of illumination, but is readily obtained in an evanescent field if the beam suffering total internal reflection is p-polarized (see Experimental Procedures). Indeed, when erythrocyte plasma membrane was stained with di-I, another fluorescent lipid, fluorescence was polarization dependent, being 5-fold less when the evanescent field was generated with a p-polarized beam than with a beam polarized at right angles (s-polarized). By contrast, fluorescence of a water-soluble dye was independent of polarization (Sund et al., 1999) . A related result was vesicle) into a planar structure (the plasma membrane).
cence increase? This is tested in Figure 4C where a Delayed Release of Dye light-emitting diode (LED) was lit by a maintained voltage We conclude that exocytosis causes FM1-43 to brighten step starting at the same time as a 6 ms voltage pulse for two reasons: increased proximity to the coverslip to the terminal ( Figure 4A ). Even though the LED lit inand, more importantly, the more favorable orientation stantly, the camera spread the increase in light over of dye in the plasma membrane. Both result from the some 50 ms (open symbols in Figure 4C ) and made it release of dye into the plasma membrane, and occur seem to begin before the voltage pulse. The finding is independently of the subsequent spread of the dye. explained in Figure 4 (legend). Hence the fluorescence rise in Figure 2E can be used to
The LED recording may be compared with the data determine how soon and how rapidly synaptic vesicles of Figure 2F replotted on an expanded timescale. The release dye. Clearly dye release was fast. If it were inrise in FM1-43 fluorescence shows a delay whose magnitude is best appreciated in a model calculation. Asstant, how rapidly would the camera report the fluores- Figure 2 , then declined; it was expected to disappear as dye equilibrates. However, even 700 ms after exocell membranes.
cytosis, there remained a difference of 12% Ϯ 5% of the initial value, possibly consistent with the idea that Do Vesicles Retain Dye after Exocytosis? Earlier work (Zenisek et al., 2000) showed that exoat least some vesicles fail to discharge all dye. Closer inspection showed that this effect was due to cytosis causes some FM1-43 to diffuse out of the vesicle and into the plasma membrane. However, it remained a subset of one sixth of the vesicles retaining 51% Ϯ 2% of their initial fluorescence difference (subset 1, plotted possible that the fusion pore closed before all FM1-43 could escape, thus trapping some dye within the vesicle separately in Figure 6C ). All were contained in small, discrete "active zones" of exocytosis (Zenisek et al., (Klingauf et al., 1998; Pyle et al., 2000) . To test this point, we placed a small circle and an annulus around the 2000), defined here as any region within 300 nm of at least one other fusion event in the same cell. For the vesicle, with the small circle just large enough to accommodate the image of the vesicle ( Figure 6A ). The differremaining 34 vesicles, our data indicate complete equilibration (to 5% Ϯ 5% of initial difference, Figure 6D ). ence in fluorescence intensities between the two regions Some resided in active zones while others populated the remainder of the cell membrane as solitary "outliers."
To explore why dye remained at the fusion site in Figure 6C , Figures 6E-6G show images from a sample event in subset 1, one image just before and two well after fusion. As a control, images from the fusion of an outlier are also shown (Figures 6H-6J) . Before fusion, vesicles in subset 1 appeared slightly larger than outliers, and after fusion, a dim fluorescent spot remained slightly off center. Fusion of outliers resulted in darkness.
It seemed possible that the vesicle in Figures 6E-6G disconnected from the plasma membrane before all its dye could leave, and later moved off center where it remained visible as a dim spot. To explore this idea, we obtained for each event in subset 1 a pair of images as in Figures 6E and 6F . Images before fusion were centered and superimposed to form averages; then radial sweeps were made ( Figure 7A, left) . Radial sweeps of images well after fusion were also made ( Figure 7A , right). We proceeded similarly with outliers ( Figure 7C ). Results for outliers were unremarkable. Before fusion, there was a sharp peak as expected from a solitary single vesicle and fusion caused it to disappear, as in Figures 6H-6J . For subset 1, however, the fluorescence profile before fusion could not be explained by a single vesicle. Figure 6A , the broad Gaussian contributed 55% of the pre-fusion fluorescence difference between a circle and a concentric found no difference between FM2-10 and FM1-43, but mediated by a small subset of synaptic vesicles comdid find that dye retention (and hence kiss-and-run) was prising the rapidly releasable pool. In hippocampal neumore pronounced when terminals were stimulated with rons, this pool is thought identical to the pool of vesicles sucrose rather than electrically. This may be partly bethat are docked to the plasma membrane ( 
Its shoulders required adding a broad Gaussian function (dashed). When analyzed as in

